Background Patients experiencing disuse atrophy report acute loss of skeletal muscle mass which subsequently leads to loss of strength and physical capacity. In such patients, especially the elderly, complete recovery remains a challenge even with improved nutrition and resistance exercise. This study aimed to explore the clinical potential of bimagrumab, a human monoclonal antibody targeting the activin type II receptor, for the recovery of skeletal muscle volume from disuse atrophy using an experimental model of lower extremity immobilization. Methods In this double-blind, placebo-controlled trial, healthy young men (n = 24; mean age, 24.1 years) were placed in a full-length cast of one of the lower extremities for 2 weeks to induce disuse atrophy. After cast removal, subjects were randomized to receive a single intravenous (i.v.) dose of either bimagrumab 30 mg/kg (n = 15) or placebo (n = 9) and were followed for 12 weeks. Changes in thigh muscle volume (TMV) and inter-muscular adipose tissue (IMAT) and subcutaneous adipose tissue (SCAT) of the thigh, maximum voluntary knee extension strength, and safety were assessed throughout the 12 week study. Results Casting resulted in an average TMV loss of À4.8% and comparable increases in IMAT and SCAT volumes. Bimagrumab 30 mg/kg i.v. resulted in a rapid increase in TMV at 2 weeks following cast removal and a +5.1% increase above pre-cast levels at 12 weeks. In comparison, TMV returned to pre-cast level at 12 weeks (À0.1%) in the placebo group. The increased adiposity of the casted leg was sustained in the placebo group and decreased substantially in the bimagrumab group at Week 12 (IMAT: À6.6%, SCAT: À3.5%). Knee extension strength decreased by~25% in the casted leg for all subjects and returned to pre-cast levels within 6 weeks after cast removal in both treatment arms. Bimagrumab was well tolerated with no serious or severe adverse events reported during the study. Conclusions A single dose of bimagrumab 30 mg/kg i.v. safely accelerated the recovery of TMV and reversal of accumulated IMAT following 2 weeks in a joint-immobilizing cast.
Introduction
Loss of skeletal muscle mass due to inactivity, commonly known as disuse atrophy, has been described in patients experiencing short-term immobilization of a joint (casting), prolonged bed rest, or after a hip fracture. 1 The extensive loss of skeletal muscle protein due to an imbalance between anabolic and catabolic processes during disuse atrophy can precipitate muscle weakness, reduce physical capacity, and prolong functional disability. [2] [3] [4] In addition to contractile protein loss, reduced physical activity has been associated with increase in inter-muscular adipose tissue (IMAT), which can further weaken contractility and performance by multiple mechanisms, including the release of pro-inflammatory cytokines and reduced responsiveness to natural anabolic hormones. [5] [6] [7] [8] [9] Disuse atrophy is especially problematic in the elderly. 9 Ageing is associated with a reduction in skeletal muscle mass, strength, and physical capacity, leading to impaired mobility, increased sedentary behaviour, and numerous adverse health effects. 10 In such individuals, an acute episode of disuse atrophy (e.g. a hip fracture) can lead to disability in terms of mobility, increased hospitalization, and loss of independence, which can culminate in premature mortality. 11, 12 Hence, the timely recovery of muscle mass and strength is the key goal for the physical rehabilitation of patients with disuse atrophy.
Although sufficient dietary protein intake and resistance exercise can increase skeletal muscle mass, these measures are often difficult to implement, particularly with older patients. Compliance with increased dietary protein intake and regular intensive exercise training is highly variable and typically unsustainable. 1, 13, 14 In addition, the ability to recover from atrophied skeletal muscles is attenuated with age even when combined with improved nutrition and exercise. [14] [15] [16] These physiological and behavioural obstacles to optimal recovery of involuntary muscle loss have prompted innovative approaches to treatment. Currently, several novel pharmacotherapeutic approaches are being explored as possible treatments for conditions of skeletal muscle wasting to promote muscle growth and improve functional recovery, particularly in elderly patients. 17, 18 Research in the past decade has led to a better understanding of the critical signalling pathways regulating skeletal muscle mass. [19] [20] [21] The activin type-IIB receptor (ActRIIB) and its natural ligands such as myostatin, activin, and growth differentiation factor 11 have been identified to play a key role in modulating muscle growth and maintenance. 22, 23 Bimagrumab, a human monoclonal anti-ActRII antibody, prevents the binding of these ligands to their receptor, which promotes muscle hypertrophy, and accelerates recovery from muscle wasting conditions (e.g. glucocorticoid-induced atrophy) in animals. 24 Translation of this effect of bimagrumab to increase muscle size and function in patients could hold considerable clinical potential.
The purpose of the present study was to explore the clinical potential of bimagrumab to facilitate the full recovery of skeletal muscle mass in an established experimental model of disuse atrophy using single leg casting in healthy, young, male volunteers. Assessment of the pro-myogenic agent focused on changes in thigh muscle volume (TMV) and adiposity [IMAT and subcutaneous adipose tissue (SCAT)] following intravenous (i.v.) administration of a single dose of bimagrumab 30 mg/kg or placebo at the time of cast removal.
Methods

Subjects
A total of 24 healthy young men aged between 18 and 40 years with a body mass index (BMI) of 18 to 32 kg/m 2 participated in the study. Only men were enrolled to avoid confounding by a possible gender difference in the responses to casting, recovery, or the drug. 25, 26 The key exclusion criteria were as follows: prior immobilization of the knee or ankle for >2 weeks in the past 12 months; use of testosterone, growth hormone, systemic corticosteroids, or anti-diabetic medications in the last 3 months prior to screening; inadequate average daily intake of dietary protein (<0.6 g/kg/day) or calories (<20 kcal/kg/day) for body weight; presence of a metal implant (screws, nails, or plate) or prosthesis that would prohibit a magnetic resonance imaging (MRI) assessment; bone fracture of the lower extremities within the last 6 months; positive test result for Factor V Leiden; and a history of known bleeding disorders.
The study was conducted at the Celerion Institute, USA. This single-site study was approved by the local institutional review board and conducted in adherence to the Declaration of Helsinki. All subjects provided written informed consent prior to study participation.
Induction of disuse atrophy
A light polyester cast was placed on the right lower limb of each subject extending from the groin to the top of the foot, fixing the knee at an angle of 20°and the ankle at~0°. 27 The casting procedure was performed by trained technicians. Subjects were required to wear the cast for two consecutive weeks during which they were domiciled at the investigational site and encouraged to ambulate with crutches.
Study medication
Following removal of the cast, the subjects were randomized in a 3:2 ratio to receive a single dose of either bimagrumab 30 mg/kg i.v. (n = 15) or placebo (n = 9) within 24 h. During the post-cast phase (Weeks 1-12), all subjects were required to participate in a standardized recovery program of selflimited activity and a series of exercises designed for recovery of range of motion of the hip, knee, and ankle. A schematic outline of the study design is shown in Figure 1 . A block design was used with treatment assignments randomly generated prior to the start of the study. The study was conducted in a double-blind manner, wherein the subjects, investigators, and sponsor were blinded to the treatment allocation.
Thigh muscle and adipose tissue volumes
Thigh muscle volume, IMAT, and SCAT data (primary endpoints) were obtained for all study participants using a 1.5 T MRI scanner and Q-body coil. Subjects were not allowed to stand or bear weight for up to 1 h and were maintained in a horizontal position for~30 min prior to scanning, to promote fluid equilibrium and avoid an artificial increase in TMV. Subjects were positioned carefully by placing folded pads under their buttocks and lower legs to ensure the posterior thigh remained free of compression and to minimize motion during scanning, both of which can alter the accuracy of the measurements. Following a rapid survey scan, lean TMV was assessed based on proton density images of the thigh using a two-dimensional multi-slice pulse sequence covering the entire thigh (knee to hip). The TMVs for both the right (casted) and left (non-casted) lower limbs were measured before casting, after 2 weeks of casting (baseline), and at 2, 4, and 12 weeks after cast removal. The MRI scans were assessed for quality, and both muscle and adipose tissues were quantified by a trained central reader who was not affiliated with the sponsor and was blinded to the treatment assignment. The MRI images were automatically segmented into non-overlapping class maps representing muscle volume, IMAT, and SCAT. The segmentation was reviewed by a radiologist who made adjustments, if needed, due to artefacts or inhomogeneity of the signal intensity throughout the image. Slice-by-slice areas were then computed and multiplied by the number of slices covering the thigh to generate the muscle and respective fat volumes. Muscle and fat mass values were determined and expressed in kilogrammes by multiplying the muscle and fat volumes by density values of 1.0597 and 0.9196 g/cm 3 , respectively.
Quadriceps strength
Changes in the maximum voluntary force production (strength) of a single limb knee extension from pre-cast levels were assessed in both legs using the one-repetition maximum technique, as described in detail elsewhere. 28 The assessment was primarily used to document the changes in strength induced by casting.
Safety
Safety assessments were reported throughout the study. The safety of bimagrumab was determined based on physical examination, assessment of vital signs (body temperature, body weight, blood pressure, and heart rate), electrocardiogram (ECG), blood tests (haematology, blood chemistry, and testing for the presence of anti-drug antibodies), urinalysis, and identification of adverse events (AEs) and serious adverse events.
Statistical analysis
Sample size calculation was based on the anticipated change in TMV from baseline (cast removal) to 4 weeks after study drug administration. The time period of 4 weeks was chosen based on the assumption that the maximum effect of bimagrumab was likely to be observed during this period based on prior human data. Analysis of covariance was used to assess differences between the treatment and placebo groups for all efficacy outcomes at each time point, with baseline values as the covariate. All data are reported as mean (±standard error) unless indicated otherwise.
Results
Subject disposition and characteristics
The subjects were recruited between May 2011 and August 2011. The study population was predominantly Caucasian (79%) with an average (±standard deviation) age of 24.1 ± 6.2 years and a BMI of 25.3 ± 3.8 kg/m 2 . Subject characteristics and key measures of body composition are summarized in Table 1 .
Magnetic resonance imaging of the thigh
After 2 weeks of immobilization in a fixed-joint cast, significant decreases in TMV of À4.8% ± 0.7% and À4.6% ± 0.7% were noted in the bimagrumab and placebo groups, respectively (P < 0.01). In subjects who received a single dose of bimagrumab 30 mg/kg i.v. after cast removal, TMV recovered to within À0.8% ± 0.6% of the baseline value Effect of bimagrumab on thigh muscle volume and composition in atrophy in 2 weeks, which further increased to +1.3% ± 0.6% and +5.1% ± 0.9% from baseline at 4 and 12 weeks, respectively. In comparison, subjects who received placebo showed a mean percentage change in TMV from baseline of À4.2% ± 0.8% and À1.6% ± 1.0% at 2 and 4 weeks, respectively, recovering to the pre-cast baseline value (À0.1% ± 1.7%) at 12 weeks (Figure 2A) . Differences in the rate of TMV increase between bimagrumab-treated and placebo-treated subjects were statistically significant at all time points (P < 0.01).
Thigh muscle volume in the non-casted limbs of all subjects showed no significant increase during the casting period but responded differently after receiving treatment ( Figure 2B ). In the bimagrumab-treated group, the increases in TMV from pre-cast levels were +4.9% ± 0.3%, +5.8% ± 0.4%, and +6.8% ± 0.9% at 2, 4, and 12 weeks post dosing, respectively. Comparatively, subjects who received placebo demonstrated changes of +1.1% ± 0.6%, +2.0% ± 0.9%, and +0.9% ± 1.5% at the same time points.
The changes in TMV were accompanied by treatmentspecific effects on IMAT and SCAT volumes (Figure 3 , Supplementary Table 1 ). After 2 weeks in a cast and before receiving treatment, the IMAT volume increased by +4.6% ± 1.2% and +4.8% ± 2.0% in the bimagrumab and placebo groups, respectively. Following treatment with bimagrumab, IMAT levels increased during the first 2 weeks (+7.0% ± 2.2%) followed by a marked decline to below pre-cast levels over the subsequent weeks after dosing (Week 12, À6.6% ± 1.6%; Figure 3A ). In the non-casted limb, IMAT did not change during casting but began to decline 2 weeks after bimagrumab administration, ending at a level of À6.4% ± 1.5% at 12 weeks. In contrast, IMAT volume remained fairly constant in the placebo group throughout the 12 week follow-up period with a slight non-significant trend towards a net increase from pre-casting values with large variations in individual responses (Week 12: +2.5% ± 5.3%) ( Figure 3B ). SCAT volume increased during casting with peaks of +3.4% ± 1.0% and +4.6% ± 1.5% in the bimagrumab and placebo groups, respectively. After cast removal and study drug administration, a clear decline was noted in the bimagrumab group starting at Week 4 and ending at À3.5 ± 2.3% at Week 12. SCAT continued to increase in the placebo group with noticeable variations in individual responses ( Figure 3C ). The pattern of mean changes in SCAT in the non-casted leg was similar between groups throughout the study period ( Figure 3D ).
Quadriceps muscle strength
Immobilization resulted in a significant decline in maximum voluntary knee extension strength (À20.9% ± 4.3% and À27.8% ± 6.6% in the bimagrumab and placebo groups, respectively). Following treatment administration, the time courses of strength recovery were virtually identical in the two treatment groups ( Figure 4A ). The mean percentage change from pre-cast levels indicated a close to full recovery at 4 weeks following study drug administration (À7.6% ± 5.1% and À2.2% ± 2.9% in the bimagrumab and placebo groups). As expected, no change in maximum force production was noted in the non-casted limb, and no significant difference was observed in response to treatment in this healthy, young, cohort following a short period of disuse ( Figure 4B ).
Safety
Of the 24 subjects, 22 (92%) experienced ≥1 AE. No serious or severe AE was reported, and no subject withdrew consent because of an AE. AEs were reported by both the bimagrumab (14/15, 93%) and placebo (8/9, 89%) groups. The most commonly reported AEs by preferred term in the bimagrumab group were dermatitis acneiform [n = 10/15 (66.7%)], muscle spasms [n = 7/15 (46.7%)], and pain in extremity [n = 3/15 (20%)]. Subjects in the placebo group reported infusion site extravasation [n = 2/9 (22%)], dermatitis acneiform [n = 1/9 (11%)], and pain in extremity [n = 1/9 (11%)]. All AEs in both treatment groups were mild in intensity and did not require treatment. Muscle spasms were transient; involuntary muscle contractions lasting~10 to 30 s. No drug-related, clinically significant ECG alterations or abnormalities were reported. No clinically significant changes were noted in any laboratory finding; any changes observed were judged by the investigator to be clinically insignificant, and such changes returned to normal limits during subsequent visits. 
Effect of bimagrumab on thigh muscle volume and composition in atrophy
Discussion
This is the first study in humans to assess the efficacy of bimagrumab in disuse atrophy. The main finding of the study was the accelerated recovery of skeletal muscle volume from casting-induced atrophy by a single 30 mg/kg i.v. dose of bimagrumab compared with the normal recovery time course (4 vs. 12 weeks from cast removal, respectively). In addition, the MRI data demonstrated an increase in inter-muscular and SCAT during casting, which remained above pre-cast levels in the placebo group after 12 weeks but decreased significantly with bimagrumab. The 2 week casting model in this population of young adult men proved to be unsuitable to assess the rate of recovery of muscle strength from the short period of disuse. The rapid recovery of skeletal muscle volume and reduction in inter-muscular adiposity suggest the potential for short-term use of bimagrumab in the multimodal treatment of certain health conditions with associated disuse atrophy.
The average loss of TMV in the casted limb was~5%. This finding is similar to that previously reported in healthy young individuals following immobilization of the knee by either a cast or a brace. 25, 27, 29, 30 In the study by Wall et al., 29 immobilization for 5 days induced muscle loss of~3.5%, which increased to 8.4% when immobilization was extended to 14 days. While this magnitude of muscle loss can be recovered with little rehabilitation in healthy young men, it is difficult to overcome in elderly patients. [14] [15] [16] 31 Growing evidence suggests that the structural composition of a muscle is an important factor in its function. 10 With ageing, muscle strength is lost at a faster rate than lean mass, pointing to additional determinants of impaired contractility in older adults. 32 Findings of appreciable increases in IMAT in the thigh of the immobilized limb are in agreement with previous observations in young 5, 33 and older adults. 34 Interestingly, no changes were apparent in the non-casted limb. The increase in IMAT persisted in the casted leg of subjects for 4 weeks after returning to normal daily activities before those on bimagrumab began to lose fat volume ( Figure 3A ). Increased muscle adiposity may contribute to a decline in muscle performance (muscle quality) through biochemical (e.g. localized pro-inflammatory cytokines and insulin resistance), neurological (central activation ratio) and biomechanical (altered muscle fibre pennation) mechanisms that impair contractile protein output. [35] [36] [37] [38] [39] In addition, IMAT has been shown to be a significant predictor of impaired mobility in older adults. 40, 41 The suggested synergistic implications of changes in muscle mass and adiposity on mobility in the frail elderly 42 point to possible opportunities for drugs that act on both muscle and fat tissues.
The 25% reduction in knee extension strength following casting was similar to previous observations. 15, 27, 30 Muscle weakness following immobilization by a full-length leg cast was mainly due to the marked decrease in the maximum voluntary force (neurogenic muscle activation) rather than loss of TMV. 43 This mechanism is supported by the consistent observation that the loss of voluntary muscle strength is greater than that of muscle cross-sectional area. 44, 45 Muscle strength recovered in a similar manner in both the bimagrumab and placebo groups, seemingly independent of the rate and magnitude of TMV changes. This finding underscores the possibility that the recovery of maximal force production in these healthy young men was likely driven by the simple return of normal muscle activation in the extremities (e.g. free walking) rather than the restoration of muscle volume, 25 whether the rapid return of muscle mass benefits the rate of strength recovery in older adults requires a different study.
Recently published results in rodents and humans have highlighted the potential competitive advantages of ActRII involvement in the treatment of muscle wasting conditions. 23, 24 The present observations add further support for a receptor antagonist by demonstrating the ability of bimagrumab to induce a rapid and marked increase in TMV in an established human experimental model of disuse atrophy. The speed and magnitude of muscle recovery are essential while considering the importance of returning to a pre-injury level of mobility, whether for a young professional athlete or an elderly hip fracture patient.
A single dose of i.v. bimagrumab 30 mg/kg was safe and generally well tolerated by the sample group of healthy young men. There were no serious adverse events or withdrawals from the study due to AEs. The most frequently reported AEs possibly related to the drug were dermatitis acneiform and spontaneous muscle contractions. Both these AEs were mild in intensity, transient, and resolved during the study period. Spontaneous muscle contractions, mostly manifesting as painless twitches, might be the accompanying symptoms of intensive muscle remodeling in response to the pro-myogenic stimulus, as these findings have often been described in elderly patients under intensive resistance training 46 and with other medications. The increased incidence of acne in subjects treated with bimagrumab suggests the possible response of blocking ActRII on the hair follicle or another direct or indirect effect. 47 There were no clinically significant ECG alterations in the group receiving bimagrumab.
The results of the present study suggest that ActRII blockade with bimagrumab provides a safe and effective method for disrupting the myostatin pathway in healthy young men with acute disuse atrophy, resulting in an expedited recovery of skeletal muscle volume. These findings suggest the potential value of this treatment approach as part of a multimodal rehabilitation of patients experiencing an acute episode of disuse atrophy (e.g. hip fracture) and populations that would benefit clinically from an accelerated recovery of skeletal muscle. Clinical trials (e.g. ClinicalTrials.
gov Identifier: NCT02152761 and NCT02333331) are underway to explore the added benefits of such treatment.
